Stem cells are the source of differentiated cells that constitute tissues and organs. Two fundamental characteristics of stem cells are their abilities to self-renew stem cell identity and to produce differentiated cells, the balance of which can be achieved by asymmetric stem cell division. Many stem cells have been shown to reside in a stem cell niche, the home of stem cells that regulates the stem cell behavior. Recent studies have revealed the critical contribution of cytoskeletons in achieving asymmetric stem cell division: mitotic spindles in dividing stem cells are often oriented with respect to the stem cell niche, which is supported by concerted actions of microtubule networks and components at the cell membrane such as adherens junctions, the actin cytoskeleton, and the extracellular matrix. In this article, we review the mechanism of stem cell spindle orientation, with emphasis on its relationship with the stem cell niche, and discuss how it contributes to tissue development and homeostasis.
INTRODUCTION

S
tem cells are essential contributors to tissue development, homeostasis, and repair. Throughout the life of an organism, stem cells are required to proliferate and supply differentiated but short-lived cells such as blood, skin, intestinal epithelium, and sperm cells. The main function of adult stem cells is to generate identical copies of themselves (self-renewal) as well as to give rise to various differentiated cells that comprise mature tissue. Many stem cells studied to date, in particular those from invertebrate model systems, achieve this function through asymmetric cell division-i.e., one of the daughter cells adopts the fate of its mother, whereas the other adopts a more committed fate, initiating differentiation. 1 Asymmetric cell division is a critical mechanism to maintain tissue homeostasis, preventing both overproliferation of stem cells, which can lead to tumor formation, and depletion of the stem cell pool, which can lead to tissue aging/degeneration. division can be achieved. 1, 3 The first mechanism involves extrinsic fate determinants provided by the stem cell niche, the microenvironment that instructs stem cell identity, and relies on the asymmetric placement of daughter cells into the inside versus outside of a stem cell niche (Figure 1(a) ). Daughter cells of a stem cell division may initially have equivalent developmental potential, but they may acquire different fates owing to exposure to different external signals. In many model systems studied to date such as Drosophila germline stem cells (GSCs) as described below, stem cells divide asymmetrically by orienting their mitotic spindle perpendicular to the niche surface so that only one daughter cell maintains contact with the niche and retains stem cell identity, whereas the other daughter displaced away from the niche begins a program of differentiation. 4 Alternatively, the second mechanism involves intrinsic fate determinants and relies on the asymmetric partitioning of fate determinants to the daughter cells 5 ( Figure 1(b) ). Cells use apical-basal or planar polarity of the surrounding tissue to set up an axis along which to polarize the distribution of fate determinants and to orient the mitotic spindle so that these determinants are inherited by only one daughter cell upon cell division. The fate determinants, either extrinsic or intrinsic, ultimately influence nucleus, leading to )). For example, in Drosophila neuroblast, Prospero, which is inherited into the differentiating daughter [ganglion mother cell (GMC)] as an asymmetrically segregating cytoplasmic/cortical factor, translocates into nucleus and promotes differentiation. [6] [7] [8] It is also possible that asymmetry in the nucleus (such as asymmetry in epigenetic state of two daughter cells) contributes to asymmetric stem cell division. Although epigenetic changes clearly play fundamental roles in regulation of cell fate during differentiation, it is currently unknown whether and how distinct epigenetic states are implemented at the time of asymmetric stem cell division. Stem cells are also known to divide symmetrically by orienting the spindle such that the niche contact or intrinsic fate determinants are equally segregated into two daughter cells. 1 This generates two stem cells to increase stem cell number during development or to compensate for stem cell loss following injury. In general, cells use two different strategies to set up the orientation of cleavage plane in response to intrinsic or extrinsic cues. Stem cells may be oriented/polarized throughout the cell cycle-in other words, proper spindle orientation is predetermined before cells enter mitosis. 4 Alternatively, cells can use programed spindle rotation during mitosis to acquire the desired alignment. 9, 10 The latter strategy might be especially advantageous in cases in which cells switch between symmetric versus asymmetric divisions.
In this review, we summarize recent advances in spindle orientation and asymmetric stem cell division in the context of the stem cell niche and attempt to draw an emerging picture of niche-dependent asymmetric stem cell division and its implication in tissue development and homeostasis.
DROSOPHILA MALE GSCs AND SOMATIC CYSCs
Architecture of the GSC and CySC Niche
The Drosophila male and female germlines are among the best understood model systems for the regulation of stem cell behavior and asymmetric stem cell division controlled by the stem cell niche. Drosophila male GSCs reside in a niche that instructs their self-renewal. At the apical tip of the testis, approximately 8-10 GSCs lie in a rosette around a cluster of post-mitotic support cells called hub cells, a major component of the GSC niche.
11 Drosophila male GSCs always divide asymmetrically by keeping one daughter attached to the hub and displacing the other away from the hub, yielding a self-renewing GSC and a differentiating cell, called a gonialblast (GB), respectively (Figure 2(a) ). GBs further undergo four mitotic divisions with incomplete cytokinesis, producing clusters of 16 interconnected spermatogonia, which produce spermatocytes that then commit to meiosis and ultimately differentiate into sperms. The testicular niche also contains a second stem cell type called cyst stem cells (CySCs; also known as cyst progenitor cells). The function of CySCs, together with the hub cells, is to create a niche for GSCs 12 ( Figure 2(a) ). A pair of CySCs encapsulates a GSC and provides essential signals for GSC identity. 13, 14 Similar to GSCs, CySCs divide asymmetrically to generate a continuous supply of non-mitotic somatic support cells called cyst cells, which encapsulate and escort differentiating germ cells. 15 A pair of GSCs divide asymmetrically where one of the daughters maintains stem cell identity and the other initiates differentiation as a gonialblast (GB) (see also Figure 3 ). GBs further undergo four synchronous divisions with incomplete cytokinesis, producing clusters of 16 interconnected spermatogonia, which give rise to spermatocytes and ultimately to sperm. A pair of CySCs encapsulates a GSC and provides essential signals for GSC identity. CySCs divide asymmetrically to self-renew and produce somatic support cells called cyst cells. A pair of cyst cells envelop each GB and its progeny, providing signals mediating differentiation. (b) At the anterior tip of the ovariole, GSCs are attached to the cap cells via adherens junctions. GSCs divide asymmetrically in order to self-renew as well as to produce a cystoblast (CB) that initiates differentiation (see also Figure 3 This stereotypical orientation of mitotic spindle is prepared by the precisely controlled positioning of the centrosomes during interphase. Specifically, the mother centrosome (red) normally remains adjacent to the hub and is inherited by the GSC, where as the daughter centrosome (purple) migrates to the opposite side of the cell and is inherited by the gonialblast (GB). Male GSCs require centrosomin (Cnn) and ademomatous polyposis coli 2 (Apc2) proteins to correctly orient the centrosomes during interphase. (b) In contrast to GSCs, cyst stem cells (CySCs) divide asymmetrically by repositioning their spindle during anaphase. The spindle poles rock back and forth until the onset of anaphase, and then one of the poles moves closer to the hub. CySCs require Cnn, moesin (Moe), and dynein motor proteins for anaphase spindle repositioning. (c) Female GSCs also divide asymmetrically by orienting their spindle by anchoring one of the spindle poles to the spectrosome, which remains close to the hub-GSC interface throughout the cell cycle. Female GSCs require Hts protein (an integral component of the spectrosome/fusome) and cytoplasmic dynein to orient the spindle perpendicular to the hub.
hub cells, has been demonstrated to be required for stem cell maintenance.
12
Signaling Pathways in Male GSC and CySC Niche
The hub supports self-renewal of GSCs and CySCs by secreting a short-range signaling ligand, unpaired (Upd), which activates the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway in neighboring cells 13, 17, 18 (Figure 2(c) ). 14 GSCs were suggested to require STAT activity only to correctly orient toward and to adhere to the hub cells. Zfh-1 appears to instruct GSC selfrenewal via TGF-β-dpp/gbb signaling.
14 Decapentaplegic (dpp) and glass bottom boat (Gbb) are normally expressed in hub cells and CySCs, which ultimately leads to shutoff of Bam (Bag-of-marbles, a master regulator of differentiation) in germline, contributing to GSC self-renewal. 20 However, interestingly, overexpression of dpp does not cause GSC tumors but leads to spermatogonial overproliferation, [20] [21] [22] implying that there is an additional factor(s) downstream of Zfh-1 that function with transforming growth factorbeta (TGF-β) signaling to confer GSC identity.
Orientation of the Spindle by the Positioning of Centrosomes in Male GSCs
In the context of the niche signaling described above, the mitotic spindle is oriented perpendicular to the hub-GSC interface, leading to asymmetric division. Adherens junctions concentrated at the GSC cortex adjacent to the hub, along with ademomatous polyposis coli 2 (APC2), provide a polarity cue toward which GSCs orient throughout the cell cycle 4, 23 ( Figure 3(a) ). In G1, the single centrosome in each GSC localizes near the cell cortex where the cell attaches to the hub. When the duplicated centrosomes are separated, one of the centrosomes stays next to the hub while the other migrates to the opposite side of the cell (Figure 3(a) ). This stereotyped position of the centrosomes in turn orients the mitotic spindle perpendicular to the GSC-hub interface, leading to asymmetric division. Interestingly, the mother centrosome normally remains adjacent to the hub and is inherited by the GSC, whereas the newly duplicated centrosome migrates to the opposite side of the cell and is inherited by the GB 24 ( Figure 3(a) ). This suggests that male GSCs retain the original (very old) centriole for a long time probably from the time the GSC population first arose during development. Indeed, centrosomes marked by a transient expression of a centriolar marker green fluorescent protein-pericentrin/AKAP450 (GFP-PACT) during early development were retained in GSCs even in adult stage. 24 The higher capacity of the mother centrosome to anchor astral microtubules may be the underlying cellular mechanism by which GSCs inherit the mother centrosome during division. In GSCs, centrosomes are separated unusually early, right after duplication, rather than at the G2/M transition: the mother centrosome appears to retain robust astral microtubules throughout the cell cycle, whereas the daughter centrosome migrating to the opposite side of the cell has few associated astral microtubules until late in G2, near the onset of mitosis. Consistently, positions of mother and daughter centrosomes as well as spindle orientation were randomized in GSCs mutant for centrosomin (cnn), which have severely impaired astral microtubules as a result of defective pericentriolar material. [25] [26] [27] [28] These results suggest that male GSCs have adopted cellular mechanisms that maintain stereotypical centrosome position and orient the mitotic spindle to tightly regulate the asymmetric outcome of stem cell divisions within the niche. Interestingly, a recent study demonstrated that mutants of DSas-4, a core component of centriole, normally orient mitotic spindle in male GSCs, despite the complete lack of centrioles (and thus centrosomes). 29 Our unpublished study showed that, in DSas-4 mutant male GSCs, the spectrosome is located at the apical side of the GSC anchoring the spindle pole, which is reminiscent of spindle orientation mechanism in female GSCs 30 suggesting that a parallel mechanism might compensate the loss of the centrosomes during asymmetric stem cell division.
Anaphase Spindle Repositioning in CySCs
The collaborative interaction of GSCs and CySCs sustains spermatogenesis. Because each GSC is encapsulated by a pair of CySCs, and a GB by a pair of cyst cells, CySCs must undergo two divisions for each GSC division on average. Recent studies have suggested that CySCs undergo consistent asymmetric divisions. 15 However, GSCs and CySCs use strikingly different cellular mechanisms to accomplish asymmetric division: GSCs always orient their spindle perpendicular to the hub (Figure 3(a) ), which reflects consistent centrosome polarization throughout multiple rounds of cell cycles, whereas CySCs reposition their spindle during anaphase (Figure 3(b) ). CySCs enter mitosis with the spindle in a random orientation, but they reposition it so that one of the spindle poles is close to the hub cells during or near the onset of anaphase. 15 CySC spindles are very dynamic with both spindle poles rocking back and forth during metaphase, and then one spindle pole is quickly retracted to the hub-CySC interface around Volume 1, March/April 2012anaphase (Figure 3(b) ). It remains unclear whether an asymmetry exists between two spindle poles as in male GSCs (i.e., poles containing mother vs daughter centrosomes, or poles with differential microtubule organizing activity). The detailed molecular mechanisms of spindle repositioning in CySCs are not yet completely clarified. Nevertheless, spindle repositioning in CySCs requires the following: (1) Cnn, an integral component of the centrosome, which is also required for GSC centrosome and spindle orientation; (2) dynein, the motor protein that pulls the spindle pole toward the cortical target site, similar to the case of Drosophila neuroblasts, where the dynein complex regulates spindle orientation; and (3) moesin (Moe), a cortex-actin cytoskeleton linking protein, which is essential for cell shape changes and spindle stability during mitosis in cultured cells. The molecular mechanisms that orient spindles are apparently different in male GSCs and CySCs: while GSCs require Cnn and Apc2 but not Moe, CySCs require Cnn and Moe but not Apc2 (Figure 3 (a) and (b)). We can only speculate why GSCs and CySCs utilize such distinct cellular mechanisms to orient the spindle and divide asymmetrically. In contrast to GSCs that are round throughout the cell cycle, CySCs assume a flat and complex shape to wrap around GSCs, presumably reflecting the function of CySCs as a niche component for GSCs as described above. With such a flat and complex cell shape, maintaining spindle orientation from the beginning of mitosis might be difficult. Instead, CySCs might use spindle repositioning during mitosis, when cells become slightly rounder as is observed in cultured cells, to divide asymmetrically without compromising their role to wrap around GSCs during interphase. In spite of these differences, there is a similarity in the basic scheme of anchoring/pulling the spindle pole to the hub-GSC or hub-CySC interface in GSCs and CySCs: cortical network of adherens junction and actin cytoskeleton serving as a platform for pulling centrosomes through the function of motor proteins (Figure 3(a) and (b) ). These studies illuminate the existence of distinct cellular mechanisms used by stem cells to divide asymmetrically, presumably depending on other factors, such as cell shape and tissue anatomy.
Effect of Aging on Centrosome and Spindle Orientation in Male GSCs
A decrease in stem cell number or activity may lead to tissue degeneration associated with age and disease. Indeed, age-dependent decrease in Upd expression in the hub has been reported to contribute to GSC loss with advanced age. 31 Similarly, female GSC number also declines with age because of changes to GSCs as well as to niche cells. 32 Stem cell intrinsic and extrinsic changes appear to be general characteristics of stem cell aging, as is observed in mammalian stem cells. [33] [34] [35] [36] In addition, changes in stem cell orientation with respect to the niche, which precedes the decrease in GSC number, contribute to the decline in spermatogenesis: before the decrease in GSC number becomes significant, GSCs already slow down their proliferation due to increased centrosome misorientation. 37 GSCs containing misoriented centrosomes accumulate progressively with age and these GSCs are arrested or delayed in the cell cycle and do not undergo mitosis. As a result, as Drosophila males age, a significant fraction of GSCs becomes arrested. Strikingly, this cell cycle arrest appears to be transient and GSCs re-enter the cell cycle upon correction of centrosome orientation. The latter implies that a novel checkpoint mechanism exists that blocks progression into mitosis unless a centrosome is properly situated next to the attachment to the hub.
Remarkably, many of the misoriented GSCs originate from the dedifferentiation of spermatogonia, a mechanism thought to be responsible for maintaining the stem cell population over extended periods of time. 38, 39 Throughout Drosophila adulthood, individual GSCs are lost at a certain rate. 40, 41 Dedifferentiation of partially differentiated spermatogonia to replace lost stem cells may be especially important in the male germline, because misoriented spindles, or symmetric stem cell division, are rarely observed in wild-type GSCs. Such dedifferentiated GSCs show a high incidence of misoriented centrosomes and undergo cell cycle arrest until proper centrosome orientation toward the hub is reestablished, increasing the average cell cycle length of GSCs, even if none of them are permanently arrested (i.e., quiescent). This might be correlated to the fact that germ cells that commit to differentiation do not inherit the 'very old' centrosome and that dedifferentiated GSCs have lost their 'very old' centrosome once they have committed to differentiation. 42 Additional research is required to elucidate whether the returning germ cells anchor the relatively older centrosome near the junction between the GSCs.
Together, these studies reveal that stem cell aging, which ultimately leads to tissue and organismal aging, is a multifactorial process that involves both intrinsic and extrinsic changes.
DROSOPHILA FEMALE GSCs
Architecture of the Female GSC Niche
The Drosophila ovarian niche is composed of two kinds of somatic cell types: terminal filament (TF) cells at the tip of the germarium (at the anterior tip of each ovariole, which is the egg-producing unit of the ovary) and cap cells at the base of the TF cells (Figure 2(b) ). In each germarium, two to three GSCs are physically attached to five to seven cap cells via adherens junctions that contain both β-catenin and DE-cadherin (Figure 3(c) ). Loss of either of these proteins from GSCs results in stem cell loss, suggesting that niche adhesion is essential for stem cell maintenance. 43 Upon division of a GSC, one of the daughter cells stays associated with the niche and retains stem cell identity, while the other loses contact with the niche and becomes a cystoblast, which commits to differentiation. The cystoblast undergoes four additional rounds of transit amplifying divisions with incomplete cytokinesis to form a cyst of interconnected cells, which exits mitotic proliferation. Eventually, one of the 16 cells becomes the oocyte, whereas the other 15 undergo multiple rounds of endoreplication to produce mRNA and proteins to support oocyte production as nurse cells (Figure 2(b) ). The ovarian GSC niche maintains yet another type of somatic cell type called escort stem cells (ESCs), which morphologically resemble male CySCs. ESCs are also tightly associated with cap cells and encapsulate GSCs with cytoplasmic extensions (Figure 2(b) ). However, unlike CySCs in the testis, ESCs, as well as their daughter escort cells, appear to be normally quiescent, and developing germ cells move through ESCs and escort cells until they are encapsulated by follicle cells. 44 
Signaling Pathways in Female GSC Niche
Cap cells secrete two bone morphogenetic protein (BMP) ligands, Dpp and Gbb, which activate the type I and type II BMP receptors Tkv and Sax in GSCs, directly leading to transcriptional repression of Bam, a key differentiation promoting factor [45] [46] [47] (Figure 2(d) ). In addition, an unknown signal regulated by Piwi/Yb in TFs and cap cells is also involved in repressing Bam expression and thereby maintaining GSC self-renewal. 48, 49 It is unclear whether the BMP signal and the Piwiregulated signal from the cap cells intersect upstream to repress Bam expression or whether Piwi/Yb is involved in regulating BMP production in the niche. Nevertheless, forced expression of Bam in GSCs causes them to differentiate and loss of Bam results in cystoblasts that continue to proliferate like stem cells, leading to the formation of an ovarian tumor. 41 Similar to male GSCs, JAK-STAT signaling plays a critical role in ovarian niche function, and acts within both cap cells and ESCs. Recent studies have shown that JAK-STAT signaling in cap cells positively regulates dpp expression, thereby contributing to GSC self-renewal. 50, 51 ESCs also require JAK-STAT signals to specify ESC and GSC identity. Removal of STAT from ESCs results in rapid loss of GSCs, whereas overexpression of Upd (JAK-STAT ligand) in ESCs results in an increase in numbers of both ESCs and GSCs, leading to occasional formation of germline tumors. Similar to the idea that male GSCs require signals from both the hub and CySCs for self-renewal, female GSCs seem to not only require the Dpp signal from cap cells, but also an additional unknown signal provided by the ESCs, which is mediated by the activation of JAK-STAT signaling within ESCs 52 ( Figure 2(d) ).
Orientation of the Spindle by the Spectrosome in Female GSCs
Like male GSCs, female GSCs normally undergo asymmetric cell division to maintain the balance between the number of stem cells and differentiating cells. However, female GSCs use a different cellular mechanism than male GSCs to orient their mitotic spindle perpendicular to the niche surface. Although the mitotic spindle in male GSCs is set up by the stereotypical positioning of the centrosomes as described earlier (Figure 3(a) ), the spindle in the female GSCs is oriented by anchoring one of the spindle poles to the spectrosome, a prominent spectrin-rich spherical organelle in the cytoplasm of GSCs in the ovary 30, 53 ( Figure 3(c) ). Consistent with this, eliminating the spectrosome in female GSCs leads to randomized spindle orientation. 30 Cytoplasmic dynein has been reported to be involved in the attachment of the spindle pole to the spectrosome. 54 In agreement with the fact that the spectrosome anchors the mitotic spindle in female GSCs, asymmetric localization of the spectrosome near the hub-GSC interface persists throughout the cell cycle of GSCs, whereas centrosome positions are reported to be random during interphase of GSCs and are not required for spindle orientation. 55 In contrast, in male GSCs, spectrosome localization shows no consistent localization with respect to the hub cells in interphase, 4 and centrosome/spindle orientation is not perturbed in the absence of the spectrosome (our unpublished results).
Female GSCs are sporadically lost from the niche with a half-life of approximately 4-5 weeks. 41 In contrast to male GSCs, which rarely have spindles parallel to the hub cells, female GSCs can divide with their mitotic spindles parallel to cap cells, resulting in symmetric stem cell division, with both daughters maintaining niche contact and stem cell identity. 56 Female germ cells also have the potential to undergo dedifferentiation. 39 Thus, both mechanisms, dedifferentiation and symmetric division, may contribute to Volume 1, March/April 2012maintaining GSC number in the ovary. These results illuminate common and distinct molecular mechanisms underlying female versus male GSC asymmetric divisions.
OTHER STEM CELL SYSTEMS: VARIATION ON A THEME
In many cases, the molecular details of spindle orientation and its reasoning (e.g., which cells are the niche components, which signaling pathway is employed by those cells, and the implication of spindle orientation with respect to those niche cells) are not fully understood. However, consistent spindle orientation is observed in various stem cell types, implying that spindle orientation serves as a regulatory mechanism for stem cell behavior. However, there are also stem cell types that do not show consistent spindle orientation. In this article, we summarize such examples of stem cells, where spindle orientation and/or niche are characterized relatively well, even if the entire picture is not clear.
Drosophila ISCs
The adult Drosophila midgut contains multipotent intestinal stem cells (ISCs), which maintain the intestinal epithelium by generating enterocytes as well as enteroendocrine cells. [57] [58] [59] Notch signaling, with the Delta ligand coming from ISCs, regulates the differentiation of ISC daughters. ISCs are found along the basement membrane within clusters of two or three diploid cells that are dispersed among polyploid enterocytes lining the intestine. ISCs appear to divide asymmetrically with a non-random spindle orientation, resulting in ISCs typically maintaining a much greater surface area of contact with the basement membrane compared with their differentiating daughters. 58 It was reported that wingless ligand from muscle cells, which are found immediately underneath the basement membrane, activate wingless signaling within ISCs for their self-renewal. 60 It might be that the observed spindle orientation within ISCs leads to asymmetric inheritance of the contact with the wingless source. However, the mechanism that regulates orientation of the mitotic spindle has not yet been characterized.
Mammalian ISCs
Mammalian ISCs have been proposed to be located within or at the fourth position (+4 cells) from the bottom of the crypt. 61 Recent studies have shown that crypt base columnar (CBC) cells specifically expressing Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) located at crypt bottoms represent ISCs. Indeed, a single Lgr5+ stem cell can form a long-lived, self-renewing 'minigut' or 'organoid', when cultured under appropriate conditions. 62 It was demonstrated that terminally differentiated Paneth cells, which are derived from Lgr5+ stem cells, constitute the niche for the stem cells in the intestinal crypt. 63 Paneth cells secrete epidermal growth factor (EGF), transforming growth factor-alpha (TGF-α), Wnt3, and the Notch ligand Dll4, which are all required for stem cell maintenance in intestinal crypt. Consistently, co-culture of Lgr5+ stem cells with already differentiated Paneth cells produced organoids with a better efficiency. 63 Another study showed that Bmi-1+ cells at the fourth position of the crypt represent ISCs. 64 The relationship between Lgr5+ and Bmi-1+ cells is currently unknown.
Spindle orientation of ISCs is currently controversial. While a report suggests that cells within the Lgr5+ stem cell compartment tend to align their mitotic spindle perpendicular to the lumen of the crypt, which is randomized in apc mutant crypts, 65 a more recent report documented random spindle orientation in ISCs. 66 Clonal analysis of Lgr5+ ISCs demonstrated that this population is maintained by neutral competition between symmetrically dividing stem cells. 67 Furthermore, the major niche component Paneth cells intermingle with ISCs/CBC, 63 making it difficult to imagine how the spindle orientation perpendicular to the lumen contributes to asymmetric stem cell division. These data are inconsistent with the idea that oriented spindle contributes to asymmetric ISC divisions. Therefore, reported spindle orientation in Lgr5+ cells might reflect other biological process(es) than asymmetric stem cell division.
Mammalian Skin Stem Cells
The stem cells in developing epidermis reside within the innermost (basal) layer of the epithelium, which rests upon the basement membrane. Skin stem cells rely upon signals from the basement membrane to retain stem cell identity. They differentiate as they exit this niche and move to suprabasal locations. During early stages of embryonic development, most spindles are oriented parallel to the basement membrane in the single-layered epidermis (Figure 4(a) ). Later, starting at embryonic day (E)14 coincident with stratification, most spindles are oriented perpendicularly, generating one basal and one suprabasal cell 68 ( Figure 4(b) ). This perpendicular, and thus asymmetric, division is indeed required for stratification of the epidermis. 69 Spindle orientation is set up by evolutionarily conserved apical-basal polarity determinants such as partitioning defective-3 (Par-3), atypical protein kinase C (aPKC), Leucine-Glycine-Asparagine tripeptides in its N-terminal region (LGN, also known as GPSM2), and inscuteable (INSC), which interact with components of the mitotic spindle such as nuclear mitotic apparatus 1 (NuMA1) and the dynactin component p150Glued, to govern spindle orientation. Interestingly, the polarized localization of these proteins relies on integrins and cadherins, linking intracellular polarity to tissue polarity. Furthermore, as in the Drosophila neuroblast, asymmetric division of these stem cells involves the Notch signaling pathway.
5,69
Recent work has demonstrated that each epidermal cell can undergo both asymmetric and symmetric divisions, which are regulated by expression of INSC and the localization of NuMA. 70 This has provided direct evidence that each stem cell can switch between asymmetric and symmetric divisions, at least in this system, instead of becoming distinct subpopulations that undergo only symmetric or asymmetric divisions.
While the evidence for stem cell population and their asymmetric cell division via spindle orientation appears to be solid, stem cell behavior in adult epidermis is less known. Clonal analysis showed that a single population, referred to as committed progenitors, which divide and self-renew/differentiate stochastically, maintains homeostasis of adult epidermis. 71 This rather resembles to the case of intestinal crypt stem cells, which maintains the population by neutral competition of symmetrically dividing stem cells. Thus it is to be determined whether spindle orientation plays a role in the homeostasis of adult epidermis.
Mouse Satellite Cells
Satellite cells, the stem cells for muscle fibers, play an important role in maintaining homeostasis of muscle tissue and promoting muscle repair after injury. Satellite cells reside beneath a basal lamina, adjacent to mature myofibers. These stem cells are maintained by the signals from the host muscle fiber. 72, 73 In addition, anchoring to the basal lamina, which mainly consists of laminin, collagen, and proteoglycans, is vital for maintenance of stem cell identity. 74 Satellite cells are normally quiescent but can be induced to enter the cell cycle upon injury. Recent studies have demonstrated that a Pax7+Myf5− satellite stem cell can asymmetrically generate another Pax7+Myf5− stem cell and a Pax7+Myf5+ committed daughter cell. 75 The basal lamina side of a satellite cell expresses integrin α7β1 receptors that interact with laminin, whereas the apical side expresses the cell adhesion molecule M-cadherin that anchors the satellite cell to and transduces signals from the myofibers. 76, 77 As a result, a planar spindle orientation generates two daughter cells that are exposed to both apical and basal signals, resulting in two daughter cells with stem cell fate. In contrast, an apical-basal spindle orientation produces two daughter cells so that one daughter remains in contact with the basal lamina and adopts a stem cell fate and the other daughter that loses basal lamina contact adopts a committed fate. 75 In the case of acute injuries that require rapid expansion of satellite cells from neighboring uninjured muscle, satellite cells have been shown to predominately divide symmetrically. 78, 79 The molecular mechanisms that establish satellite cell polarity and the mitotic spindle orientation remain to be determined.
Caenorhabditis elegans GSCs: No Spindle Orientation
C. elegans GSCs are an interesting and illuminating example where the contribution and location of the stem cell niche are clear, yet the spindle is not oriented with respect to the niche. In C. elegans, the distal tip cell (DTC) at the distal end of the adult gonad creates the niche for GSCs. The DTC signals to the germline via the Notch signaling pathway mediated by Delta/Serrate-like ligands LAG-2 and APX-1, Volume 1, March/April 2012which are produced by the DTC and the germline proliferation-1/Notch receptor present on the surface of the germ cells. 80, 81 Accordingly, daughters in close proximity to the DTC retain stem cell identity and daughters further from the DTC initiate differentiation. Unlike Drosophila GSC divisions, which are oriented perpendicular to the niche as described above, C. elegans germ cells do not reveal any bias in orientation along the distal-proximal axis of the gonad. 82 Thus it appears that the number of C. elegans GSCs is controlled solely by juxtaposition to the niche component cells, instead of by the asymmetric outcome of each GSC division. Importantly, this indicates that we might not necessarily be able to 'guess' stem cell populations within the tissue based on their biased spindle orientation.
The Spindle Orientation Mechanism is Conserved in Systems that Do Not Rely on the Niche
Drosophila embryonic and larval neuroblasts undergo asymmetric divisions to generate a self-renewed neuroblast and a GMC, which divides once more to produce two cells that terminally differentiate. In Drosophila neuroblasts, the proteins Par-3, Par-6, aPKC, INSC, Pins, Gαi, and Mud accumulate on the apical side of the cell cortex and are preferentially inherited by the neuroblast. 5, 83 These proteins are not thought to influence cell fate directly. Instead, they induce the asymmetric localization of cell fate determinants such as Numb, Pon, Miranda, Prospero, and Brat to the basal side and their segregation to the GMC. Remarkably, recent liveimaging studies have revealed that the outcome of neuroblast division (i.e., symmetric vs asymmetric) is governed by the ratio of apical to basal determinants, but apical determinants dominate basal determinants under normal expression levels. 84 The asymmetric distribution of apical Par proteins sets up the axis of polarity in neuroblasts. 85 As expected, in par mutants, mitotic spindles are oriented randomly and cell fate determinants are uniformly distributed around the cell cortex.
Interestingly, recent studies have suggested that centrosome asymmetry is utilized for asymmetric division of Drosophila neuroblasts. 86, 87 One centrosome remains bound to the apical cortex, whereas the other moves to the other side of the cell to set up the desired spindle orientation. In contrast to Drosophila male GSCs, however, the daughter centriole is inherited by the neuroblast upon division by programed inactivation of the mother centrosome and activation of the daughter centrosome during each cell cycle. 88, 89 Perturbation in centrosome function (in either cnn or DSas-4 mutant) led to symmetric neuroblast divisions. 90, 91 Asymmetric neuroblast division was also perturbed when centrosome numbers were amplified. 92 However, these conditions led to only a mild increase in neuroblast number (as is the case for cnn mutant GSCs 4 ). Together, while these data demonstrate an important contribution of cell biological differences between mother and daughter centrosomes, it also argues against a fate-determining role of mother or daughter centrosome.
Radial glial progenitor cells in the cerebral cortex in mouse embryos predominantly undergo asymmetric divisions after the onset of neurogenesis. During their asymmetric division, spindle orientation is tightly regulated so that only one daughter cell inherits the apical cortex containing Par-3, similar to Drosophila neuroblasts. 93 Interestingly, as in Drosophila male GSCs, radial glial progenitor cells preferentially inherit the mother centrosome upon division, 94 which suggests evolutionary conservation of centrosome asymmetry as a strategy for asymmetric division. The loss of ninein, a mature centriole-specific protein, results in loss of radial glial progenitor cells, leading the authors to suggest that the inheritance of the mother centrosome is critical for the maintenance of stem cells (radial glial progenitor cells). 94 However, it remains possible that the loss of centrosome function, rather than mother centrosome per se, leads to defective maintenance of radial glial progenitor cells. In case of male GSCs, spermatogonia, which had lost their original mother centrosome upon initiation of differentiation, can revert back to GSC by dedifferentiation, suggesting that GSC identity do not absolutely rely on the existence of mother centrosome. 37 Nonetheless, studies on congenital microcephaly in humans have identified mutations in genes encoding centrosomal proteins, 95, 96 demonstrating the importance of centrosomal function in the maintenance of neural progenitor cells.
FURTHER IMPLICATION OF SPINDLE ORIENTATION: BEYOND FATE DETERMINATION
As reviewed above, coordination of fate determinants and spindle orientation is a common mechanism for asymmetric stem cell division. Other lines of studies have implied that the spindle might be utilized to asymmetrically segregate other factors, which are not fate determinants per se, but related to or associated with cell fate as a stem cell or a differentiating daughter. Such factors might behave like a hitchhiker that utilizes spindles to be segregated asymmetrically, for ultimate purposes such as protecting stem cells.
Asymmetric Inheritance of Chromosome Strands during Asymmetric Cell Division
The 'immortal strand hypothesis' (ISH) has been proposed as a mechanism by which adult stem cells might limit accumulation of mutations arising from errors during DNA replication. The ISH proposes that adult stem cells might retain older (immortal) DNA strands during asymmetric cell divisions, thereby excluding all replication-induced mutations to the differentiating daughter cells. 97 This hypothesis has been intensively studied in recent years in various stem cell populations. In these studies, a short pulse of bromodeoxyuridine (BrdU) during S phase was often used to label newly synthesized DNA strands followed by a chase period without BrdU, during which the segregation of BrdUlabeled chromosomes was monitored ( Figure 5(a) ). These BrdU pulse-chase experiments have supported the ISH in some stem cell systems (mammary epithelial cells, 98 65, 66 ). In most systems, whether stem cells always divide asymmetrically, or switch between asymmetric and symmetric divisions is unclear. In addition, the simultaneous visualization of daughter cell fates (stem cells vs differentiating daughter) and BrdU segregation patterns is challenging in many systems. These complications have hampered a clear-cut interpretation of the experimental data, sometimes leading to contradictory interpretations even with the same stem cell type. Therefore, explicitly addressing the ISH awaits further investigation. A recent work has adapted Chromosome orientation-fluorescence in situ hybridization technique, in which strand-specific probes hybridize only to the older strands of chromosomes that had not incorporated BrdU to study chromosome strand segregation. 106 They identified 'plus' and 'minus' DNA template strands of mouse chromosomes by using probes specific for centromeric and telomeric repeats. With this method, they observed significant non-random chromosome segregation in a subset of colon crypt epithelial cells, whereas chromosome strands appeared to be randomly distributed in cultured lung fibroblasts and embryonic stem cells.
Recently, it was speculated that the mother centrosome, which is stereotypically retained within some stem cells such as Drosophila male GSCs and mouse radial glial progenitors, might be used as a means to anchor the immortal DNA strand. 107 However, our recent work has demonstrated that Drosophila male GSCs do not follow the immortal strand model-although their centrosome segregation is asymmetric. Therefore, the 'immortal' mother centrosome does not necessarily lead to immortal DNA strand segregation. 105 
Asymmetric Inheritance of Misfolded Proteins
Aging at the cellular level is generally characterized by a decline in cell function and has been correlated with accumulation of damaged or misfolded proteins. An excess of misfolded proteins forms aggresomes, which cannot be degraded by the proteasome. Live-imaging studies of human mitotic cells have demonstrated that experimentally induced aggresomes accumulate near one of the centrosomes and are thus inherited by only one daughter. 108 Rujano et al. showed that such aggresomes are inherited by only one daughter upon division by associating with the centrosomes. 109 Crypt stem cells of the small intestine from patients with a protein folding disease are devoid of aggregates, even though differentiated cells accumulated the misfolded proteins, leading the authors to suggest that asymmetric segregation of aggresomes to the differentiating daughters is the mechanism to protect stem cells ( Figure 5(b) ). However, it was shown that Lgr5+ ISCs divide symmetrically as described earlier, 67 and thus it is not clear how aggresomes might be asymmetrically segregated during mitosis. Yet, asymmetric segregation of aggresomes and symmetric ISC divisions are not necessarily mutually exclusive: now that definitive stem cell markers such as Lgr5 and Bmi-1 are available, aggresome segregation in ISC and differentiating cell compartments can be revisited with precision. In the same report, it was also shown that Drosophila neuroblasts engineered to express a fragment of huntingtin display a polarized distribution of huntingtin in mitosis, although in this case aggresomes segregate into the neuroblast, leaving the GMC free of aggregates. 109 This led to the speculation that cells with a longer life-time (which are neurons rather than neuroblasts in the case of the Drosophila neuronal lineage) are protected from accumulation of misfolded proteins ( Figure 5(b) ).
CONCLUSION
In this article, we reviewed the mechanism of asymmetric stem cell division by means of spindle orientation. Accumulating knowledge illuminates the importance of spindle orientation as a common strategy conserved in many stem cells. Spindle orientation in the context of tissue anatomy is precisely regulated such that stem cell division occurs in a desired way (asymmetric vs symmetric division) for tissue development and homeostasis. The gap between our current understanding of stem cell-specific factors such as master transcription factors of stemness and our current understanding of generic cellular components such as microtubules and cell-cell junctions has only begun to be filled. We foresee exciting years to come during which this gap will be filled, bringing about a comprehensive understanding of how the stem cell program controls its cellular components to achieve their remarkable function.
